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Abstract—This paper deals with the dynamic control of the
DC bus voltage and the AC voltage magnitude and frequency
in a hybrid DC/AC Microgrid (MG). In order to allow a high
penetration of renewable energies, provide an increased system
reliability during islanding and reduce the dependency on the
mains, Energy Storage Systems (ESSs) are included in both the
DC and AC grids. The MG is composed by a multiport solid-
state-based transformation center, with connexion to the mains
and a central battery energy storage system (BESS), and a flexible
number of AC Nanogrids (NGs) coupled to a Low Voltage DC
bus (LVDC) through DC/AC 3-phase Power Electronic Convert-
ers (PECs) operated as grid forming, hereinafter referred as
Nanogrid Head Converters (NGHCs). The MG control presents
two main characteristics: 1) A DC bus regulation scheme is
proposed based on DC virtual generators and P/V DC droop
that allows to adapt the participation in the power sharing for
DC bus regulation and provides with an automatic transition
between grid connected and islanding modes; 2) In order to
provide a cooperative operation between the different AC NGs,
allowing the automatic power sharing between them through the
DC bus, a DC/AC virtual generator control scheme, based on the
theory of Virtual Synchronous Machines (VSM), is proposed for
its implementation in the NGHCs, thus coupling the control of
the LVDC and the NGs. The theoretical discussion is supported
with simulations.
Index Terms—DC/AC Hybrid Microgrid, MG control, Virtual
Inertia, Virtual Synchronous Generator
I. INTRODUCTION
The increasing concern about environmental issues, the
problematic of renewable energies integration, and the rising
popularity of concepts such as local generation and self-
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consumption have led to an increasing interest on alterna-
tives to the conventional utility grid as Microgrids (MGs),
Nanogrids (NGs) and Smart grids. Despite its advantages, the
weakness and stability problems associated to a MG, due to
its low inertia and the presence of renewable energy systems
(RES), have demanded a significant research interest since its
apparition. Studies for different types of contingencies have
been carried out, pursuing the power quality improvement
[1], [2]. Furthermore, with the apparition of hybrid DC/AC
MGs, where the Power Electronic Converters (PECs) may
share power not only in the AC grid but also in the DC lines,
new MG issues appears as the stability, voltage regulation and
quality maintenance in both DC and AC grids [3]–[5].
Several methodologies and control topologies for distri-
bution network (DN) and MGs have been presented in the
literature to ensure the voltage control and power flow, as the
central controller, the master-slave, the Q/V and P/f droops, the
virtual impedance, and hybrid approaches [6]–[9]. In addition,
during the recent years a relatively novel approach for MGs
distributed control is becoming popular, consisting on the
emulation of Synchronous Generators through PECs leading
to the well-known terms of Virtual Synchronous Generators
(VSG), Virtual Synchronous Machines (VSM), Synchronvert-
ers and Virtual Inertia (VI). The integration of VSGs in the
MGs allows to imitate the behavior of conventional grids
dominated by Synchronous Generators (SG), providing the
MG with an additional inertia, softening the frequency and
magnitude rate of change during active power transients.
Moreover, VSGs avoid the use of frequency or phase detectors
for synchronization and allows the integration of conventional
SGs in the MGs together with DGs, RESs, ESS and loads
interfaced by PECs. Additionally, the stability and dynamic
active power balance in the grid can be improved by adding a
VI using ESSs, increasing the grid inertia and damping, adding
flexibility to the system [10]–[14]. Besides, the VSG scheme
can also be combined with Q/V and P/f droops in order to
manage the steady state power sharing in the MG.
Regarding the dynamic power sharing between hybrid
DC/AC MGs when 3-phase inverters operated as grid forming
are used for the coupling between the Low Voltage DC line
(LVDC) and the AC grid, few discussion is found in the
literature. Some studies have been proposed based on cascaded
converters stability [15], and power balancing between AC and
DC using a Vg/Vdc droop [16]. However, these methods have
been proposed for AC/DC/AC grid tied converters and they
can not be directly applied to the AC/DC voltage control of
a hybrid MG. In [17], an adaptive power sharing scheme for
hybrid DC/AC is proposed for a MG where fixed frequency
slack voltage-controlled converters are used to couple the
AC grids to a LVDC, based on a central controller for the
LVDC regulation and distributed compensation in the AC
grids. Another approach related to the proposal in this paper
is found in [18], where a VSM is proposed as an interface
between a DC grid and a non-islanded AC grid. However,
although the methods can be useful for the present study, the
model is demonstrated only for a single phase grid and just
consider the connection to one AC grid that operates as a grid
feeding converter.
Thus, this paper deals with the dynamic control of the
LVDC bus voltage and the AC voltage magnitude and fre-
quency in a hybrid DC/AC MG with ESSs. The MG is
composed by a multiport solid-state-based transformation cen-
ter, with connection to the mains, a central Battery Energy
Storage System (BESS), and multiple AC NGs coupled to
a LVDC through DC/AC 3-phase PECs. They are referred
as Nanogrid Head Converters (NGHCs), and play the role of
grid forming converters in their corresponding NGs. The paper
proposed two main strategies: 1) A DC voltage regulation
scheme based on DC virtual generators and P/V DC droop
that allows to adapt the participation of the mains and BESS
in the transient and stationary power sharing for DC bus
regulation, providing with an automatic transition between
grid connected and islanding modes. 2) in order to provide a
cooperative operation of the different AC NGs and the LVDC
bus, allowing the automatic power sharing between them, a
DC/AC virtual generator control scheme, based on the theory
of Virtual Synchronous Machines (VSMs), but here extended
to include a DC machine mechanically coupled using the
virtual shaft concept, is proposed for its implementation in
the NGHCs, coupling the control of the LVDC and the NGs.
The proposal pursues a reduced dependency on the mains and
the reduction of stress in the central BESS.
It is worth to point out that the transition between grid
connected and islanding modes is automatic and no islanding
detection is needed to maintain the DC bus under regulation.
The paper is organized as follows. Section II introduces
the hybrid DC/AC Microgrid topology under study and the
set-point control regarding DC bus and AC NGs regulation.
Section III describes the proposed Hybrid DC/AC virtual
generator. Section IV explains the basics of the proposed
cooperative DC/AC MG control. Section V describes the
operation of DERs for grid frequency support. Section VI
presents the simulation results. Finally, section VII states the
conclusions.
II. HYBRID MG DESCRIPTION AND PROPOSED SET-POINT
CONTROL
The hybrid MG under study, shown in Fig. 1, is composed
by a MG transformation center (MGTC) and multiple 3-phase
4-wires AC NGs based on VSG control topology. The MGTC
consists of a BESS and a MG head converter (MGHC) coupled
to the mains, interconnected by a common DC bus (LVDC)
to the NG Head Converters (NGHCs) that interface the LVDC
with the AC NGs. The BESS and MGHC are interfaced with
the LVDC by a three-port solid-state transformer (SST). It is
necessary to point out that, in the present study, the main aim
of the SST is to provide galvanic isolation between the mains,
BESS and LVDC bus and it operates at a high bandwidth
compared to the rest of elements in the MG. Thus, its dynamics
are neglected and, from the point of view of the MG control
it is assumed to behave as a unitary gain.
Fig. 1: Topology of the Hybrid DC/AC Microgrid under study.
As a starting point, the MG control is designed as follows:
1) The NGHC acts as Grid Forming converters with a dynamic
control based on VSG scheme, regulating both the AC voltage
magnitude and frequency, assuming they are the highest rated
power source in each NG. As starting scenario, the MGs
loads are located at the AC NGs and the LVDC bus. Under
this configuration, the load as seen by the LVDC bus is
drawn by the NGHCs and the DC loads. 2) Additionally,
different distributed energy resources (DERs) such as Dis-
tributed Generation (DGs) and ESSs can be installed within
the AC NGs. Those DERs can operate in a stiff PQ basis,
P/f Q/V droop mode or as VSG or VI providing additional
inertia to the grid. The power commands for the DGs and
ESSs can be determined by the droop control, by a central
controller performing a high level optimal power flow, or by
the Maximum Power Point Tracking (MPPT) in the case of
RESs. 3) The LVDC bus voltage is regulated by the MGHC
(mains) and the BESS under a proposed control scheme based
on DC virtual generators and P/V DC droop. During islanding,
the DC voltage regulation relies only on the BESS.
In conventional grids, the power mismatches are absorbed
by the high inertia of generators. However, in MGs, which are
usually dominated by PECs or low inertia SGs, the grid inertia
must be provided by the energy storage elements present in
the grid, including the DC link capacitors, and the inertia
of generators in PEC based DERs. Nonetheless, the use of
PECs as interface with the grid involves a decoupling from
the generation system and energy storage devices, being the
use of the inertial elements dependent on the PEC control.
Applying the model of VSGs to the PEC control in DGs and
DESS allows to increase the overall MG inertia and attach the
active power to the grid frequency. Moreover, in the proposed
MG scheme any DER can provide additional VI as an ancillary
service taking advantage of its inherent inertia, and ESSs can
be integrated in the NGs to improve the dynamic response by
frequency compensation, adding flexibility to the grid [10].
As an initial set-point in the proposed MG, the DGs and
DESS in the NG might contribute to the grid regulation or
might operate with constant PQ commands, while the NGHCs,
operated as a VSG, will regulate the voltage and frequency,
being the highest inertial source in the NG, and thus absorbing
the main part of the power mismatches in its corresponding
NG. Under this scenario, the NGHCs are decoupled from the
LVDC bus regulation, and the power mismatches supported by
the NGHCs are entirely provided by the mains and the central
BESS, being the NGs agnostic about each other. This creates
an important dependency in the mains and a high stress on
the central BESS.
Fig. 2 shows the simplified power scheme of one of the
NGHCs including the different elements participating on the
power sharing, where k is the NG identifier and n is the total
number of AC NGs. Considering the given power topology
for the NGHCs, it is worth noting that under a control based
on grid forming, the NGHC cannot participate directly in the
LVDC regulation.
Fig. 2: Power sharing within the Hybrid DC/AC MG: NGCH
topology and simplified equivalent power scheme for one of
the NGHCs.
In this paper, some assumptions are established for simpli-
fication. 1) The DC bus is simplified to a capacitor. 2) The
inner current control loop of the PECs interfacing the mains
and the central BESS will be approximated by a low pass
filter (LPF). 3) Although the application is implemented with 4
wires NGHCs (3ph+N), a balanced system will be considered,
being the effect of unbalances out of the scope of this paper.
A. Grid forming VSG-based NGHC control
The set-point VSG control topology proposed for the
NGHCs is shown in 3. It is implemented in the dq synchronous
reference frame and consists of: 1) a virtual stator impedance
model (resistance Rks and inductance L
k
s ) that emulates the
VSG stator and generates the current reference i∗
ikdq
; 2) a vector
current controller; 3) an emulation of an Automatic Voltage
Regulator (AVR) to regulate the NG voltage in steady state
by generating a virtual voltage, Ekd ; 4) a governor model that
regulates the rotor speed, ωke , i.e., the frequency; and 5) the
rotor model emulating a VI with the VSG swing function
(damping bkr , inertia J
k
r ) that determines the grid frequency
and the synchronization angle θke .
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Fig. 3: Set-point grid forming VSG control block diagram
proposed for the implementation in the NGHCs. k is the NG
identifier.
B. DC voltage regulation: The DC Virtual Generator
The DC link can be modeled as (1), where Cdc is the LVDC
capacitor, Pdcin is the power shared by the SST (BESS &
mains) (2) and Pdcout is the power drawn by the NGHCs and
the DC loads. The power related to the NGHCs is defined by
(3), assuming vgq = 0. Thus, the NGHCs are seen as CPLs by
the DC link. The power flowing into the capacitor is defined
as PCdc = Pdcin − Pdcout.
dVdc(t)
dt
=
1
CdcVdc(t)
(
Pdcin(t)-
(
n∑
k=1
P
NGHCk
(t) + PLdc(t)
)
︸ ︷︷ ︸
Pdcout
)
(1)
Pdcin(t) = Pmains(t)+PBESS(t) = Vdc(t)(Imains(t)+IBESS(t))
(2)
n∑
k=1
PNGHCk(t) =
n∑
k=1
3
2
(
vkg d(t)i
k
i d(t)
)
(3)
The proposed LVDC regulation scheme consists in the
dynamic power sharing between the mains and the BESS
through DC virtual generators (DCVGs) and P/V DC droops.
This control topology presents two main characteristics: 1) The
DC virtual generators enable to modify the DC bus inertia and
to define the transient power sharing between the mains and
BESS. For instance, in some cases it will be more desirable to
provide the high frequency variations with the mains, reducing
the stress in the BESS, while in others, it could be the opposite.
2) The P/V droop permits to establish a decentralized sharing
mechanism during steady state.
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Fig. 4: DC virtual generator (DCVG) proposed for the dis-
tributed regulation of DC voltage and the power sharing
between the mains and the central BESS. The identifier γ can
be substituted by mains or BESS.
The proposed DCVG control scheme and its integration in
the MG topology are shown in Fig. 4 and Fig. 5 respectively,
valid for both the MGHC (mains) and the BESS. γ is a
identifier that can represent mains or BESS. The scheme can
be divided in 8 blocks:
1) P/V droop: where mγ is the droop gain, P
γ
0 is the offset
commanded power and Pγ is the measured output power.
2) Reference calculation: the DCVG output voltage refer-
ence is calculated based on the P/V droop output, the
LVDC bus nominal voltage Vdc and a virtual resistance
decoupling. After the calculation of V ∗γ , a back electro-
motive force (bemf) constant (Keγ ) is applied to convert
voltage to frequency (ωγdc).
3) Governor: it consist of a feedback PI regulator which
aim is to track the (ωγdc) reference.
4) Rotor model: is the virtual plant that provides the virtual
inertia (Jγdc) and friction (b
γ
dc) to the system.
5) Torque load: is the disturbance of the virtual system and
is obtained from the instantaneous power shared by the
mains or BESS.
6) Frequency to voltage conversion: the virtual generator
voltage is obtained from the virtual frequency (ωγdc),
using the constant Keγ .
7) Virtual Impedance: a virtual impedance is used to deter-
mined the current reference which feed the inner control
+
-
Fig. 5: Integration of the DC virtual generator in the DC bus.
The identifier γ can be substituted by mains or BESS.
loops of the MGHC and BESS. The impedance consists
of a resistance and an inductance (Zγdc(s) = R
γ
dc+sL
γ
dc).
8) Virtual resistance decoupling: suppress the voltage de-
viation during steady state due to the virtual impedance.
In order to demonstrate the operation of the proposed
sharing scheme in DC, the power sharing performance for
different values of inertia in the MGHC and the BESS is shown
in Fig. 6. The figure shows the power shared by the mains
(Pmains), the BESS (PBESS), the load disturbance (PLdc )
and the power supplied by the LVDC bus capacitor (PCdc ).
Three cases are compared: 1) the mains have a larger inertia,
resulting in a higher contribution than the BESS during the
transient; 2) both inertias are the same, contributing the mains
and BESS equally to the initial transient; 3) the BESS presents
higher inertia, supporting the transient power mismatch. In all
the cases, the DC bus capacitor supplies the high bandwidth
power mismatches. The stationary power sharing remains
unchanged for the 3 cases and depends on the P/V DC droop
(mmains = 0.02, mBESS = 0.002).
In this paper, the first scenario will be assumed, present-
ing the MGHC (mains) a higher inertia and power sharing
contribution while the BESS remains as a MG back-up in
case of contingencies in the mains, especially for islanding
condition. The BESS inertia is kept low in order to reduce
the stress on the battery and increase its life time. Fig. 7
illustrates the system behavior in the DC side for the set-
point control under grid connected and islanding operation. As
shown, once the mains is disconnected at t=3.65s, the battery
has to fully support the DC link regulation, however, due to
its low inertia, the DC voltage drop during transients becomes
larger. At t=4.1s the mains is reconnected. It is worth to point
out that the transition between grid connected and islanding
modes is automatic and no islanding detection is needed to
maintain the DC bus under regulation. The stationary voltage
deviation with respect to the nominal DC voltage (V ∗d c) is due
to the P/V DC droop.
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Fig. 6: Power sharing in the DC voltage regulation based on
DC virtual generators. Comparison of the performance for
different values of inertia in the MGHC (mains) and the BESS
under a DC constant power load step disturbance in the DC
bus.
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Fig. 7: LVDC control performance and power sharing during
grid connected and islanding operation. The MG enters in
islanding mode at t=3.65s and returns to grid connected at
t=4.1s
III. VIRTUAL DC/AC GENERATOR SCHEME
The proposed Hybrid DC/AC virtual generator for the
implementation of the NGHCs control is shown in Fig. 8.
The proposed control is based on the model of a virtual DC
generator mechanically coupled to a VSG through the rotor
shafts. While the AC stator model, the current regulator and
the AVR remains the same as in Fig. 3, the control related
to the frequency regulation is modified to be dependent on
the LVDC voltage. The governor is replaced by the model of
a DC Virtual Machine (DCVM) and it consist of: 1) a DC
stator model (Rkdc and L
k
dc) that emulates a DC virtual stator
impedance and establish the electrical torque applied to the
DC machine depending on the LVDC voltage Vdc and a back
electromotive force(bemf) Ekdc; 2) an AC/DC virtual rotor that
provides the VI to the NGHC, determining the grid frequency;
and 3) a frequency regulator based on the variation of the rotor
flux ϕ to modify the relation between the rotational speed ωke
and the bemf Ekdc. The regulator Rωke can be implemented
as an slow PI or as an integrator, as the main function of
this block is regulating the steady state frequency. In order
to improve the response during start up, the inverse of the
nominal bemf constant K−1e is applied as a feed-forward.
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Fig. 8: Block diagram of the proposed Hybrid DC/AC virtual
generator for enabling the cooperative power sharing between
NGs through the LVDC.
The basic principle of operation consists on the following:
in case the LVDC voltage varies, the frequency in the NGs will
change, dynamically and proportionally, with the dynamics of
the defined DC/AC virtual generator. The frequency regulator
will allow to decouple the NGHC frequency ωke from the
Vdc during steady state, thus the frequency can return to its
nominal value even if the Vdc deviates from the nominal DC
bus voltage.
IV. COOPERATIVE DC/AC HYBRID MG CONTROL
The cooperative control consists in the integration of the
Hybrid DC/AC virtual generator within the defined MG. In-
cluding the LVDC regulation based on DCVGs, the conceptual
representation of the system based on virtual generators is
shown in Fig. 9.
Unlike in the initial set-point presented in section II, once
the proposed Hybrid DC/AC virtual generator is implemented
in the NGHCs, the LVDC bus voltage behavior is coupled
Fig. 9: MG representation with the proposed structure based
on virtual generators.
to the grid frequency in the NGs. Thus, the NGHCs become
sensitive to disturbances in the LVDC, and therefore, to the
active power changes in other NGs, participating automatically
in the LVDC regulation. This reduces the dependence on the
mains, and alleviates the participation of the central BESS.
During transients, the stiffness of the NGHCs will be soften
and the inertial elements in the NGs (DERs operated as
VSG or VI) will react to the frequency variation, injecting
or absorbing active power. On the other hand, in case the
BESS or the mains are not able to provide the required power
during steady state, the system, including the LVDC bus, will
be supported by those DERs in the NGs able to provide
power during steady state. In order to allow this behavior, and
increase the participation in the Hybrid DC/AC NG power
sharing, either in transients or steady state, there should be
DERs in the NGs that reacts to changes in frequency. This
can be achieved by using VSG combined with droop controls
or by using dedicated frequency compensation devices based
on VI.
V. DGS AND ESS PARTICIPATION IN THE NGS
As mentioned before, apart from PQ mode and MPPT mode,
some of the DERs withing the NGs (DGs and ESS) can be
operated as VI-based frequency compensators or VSGs in
order to participate in the voltage magnitude and frequency
regulation. This allows to provide additional inertia to the
grid, and, if combined with P/f Q/V droop, decentralized
cooperation during steady state. Two options are considered
for voltage and frequency support in the NGs.
One of the most extended solutions for frequency compensa-
tion is to use ESSs operated as a virtual inertia. The controller
in dq frame is defined by the swing equation (4), where i∗vid
is the current reference of the frequency compensator, Kvi the
damping coefficient, Jvi the VI gain, and vpccd is the voltage
at the point of connection. The frequency ŵe is the frequency
estimated at the point of common coupling.
i∗vid(t) =
(
Kvi ·
(
we
∗(t)− ŵe(t)
)
︸ ︷︷ ︸
Damping factor
−Jvi · dŵe(t)
dt︸ ︷︷ ︸
Virtual Inertia
)
ŵe(t)
vpccd(t)
(4)
TABLE I: System Parameters
AC NGs and NGHCs Parameters Values
AC Nominal Voltage (vkg
∗, ωke
∗) 230 VACrms / 50Hz
NGHCs Filter (Lk , Ck) 1mH / 80µF
NGHCs Virtual Impedance (Lks , R
k
s ) 0.1mH / 2Ω
NGHCs AVR integral gain (KkAV R) 5
NGHCs Virtual Inertia (Jkr , b
k
r )(case 1) 0.1kgm
2 / 1Nms
NGHCs Virtual Inertia (Jkr , b
k
r )(case 2) 3kgm
2 / 0.01Nms
NGHCs Governor BW (case 1) 50Hz
NGHCs DC Virtual Impedance (Lkdc, R
k
dc) 0mH / 1Ω
NGHCs freq reg Rωke (Kpωke
, Ki
ωke
) 0.01 / 0.01
NG2 Frequency compensator (Kvi, Jvi) 6 / 1kgm2
LVDC Parameters Values
DC Nominal Voltage (V ∗dc) 750 V
Current control BW (mains & BESS) 500Hz
DC bus Capacitor (Cdc) 750µF
Kemains and KeBESS 2.38 V·s/rad
DCVGs Virtual impedance Lγdc/R
γ
dc 0mH / 1Ω
mains droop gain mmains 2.5 × 10−5
BESS droop gain mBESS 2.08 × 10−4
mains Virtual Inertia (Jmainsdc , b
mains
dc ) 0.005kgm
2 / 0.01Nms
BESS Virtual Inertia (JBESSdc , b
BESS
dc ) 0.001kgm
2 / 0.015Nms
mains and BESS Governor BW 50Hz
VI. SIMULATION RESULTS
The proposed system has been validated through simulations
in MATLAB/Simulink®. The parameters are summarized in
Table I.
A. MG performance under the proposed control scheme
Two cases are simulated to evaluate the performance of
the proposed cooperative control: 1) The first case consist on
the simulation of the base set-point case describe in section
II. The LVDC bus is regulated by the MGHC and BESS
operated as DCVGs with a P/V DC droop as described in
section II-B. The MGHC (mains) provides the majority of
the inertia and steady state power sharing while the central
BESS is mainly conceived as a back up for contingencies like
islanding, presenting low inertia and reduced participation in
the power sharing under normal conditions. The NGHCs are
controlled as grid forming according to the VSG topology in
Fig. 3, presenting a stiff governor response and a high VI.
2) In the second case, the control in the NGHCs is modified,
introducing the Hybrid DC/AC virtual generator proposed in
section III, shown in Fig. 8. The LVDC bus regulation remains
the same as in the first case.
In both cases, the parameters in common are the same and
similar conditions are established: 1) two NGs are connected to
the LVDC line; 2) In the NG1 just active loads are connected
to the grid. 3) a DC load (PLdc) is directly connected to the
LVDC bus. 4) In the NG2 not only active loads, but also
a DER operated as a frequency compensator is present in
the NG. The frequency compensator, operated based on the
VI controller defined by (4), could be implemented by any
DG or a local ESS with high dynamics; 5) two modes of
operation are considered grid connected and islanding. Under
grid connected the power to control the LVDC is shared by
the mains and the central BESS. During islanding, the LVDC
control relies only in the BESS. As the BESS is configure
with a reduced inertia, the DC voltage profile will be affected
during transients. Moreover, due to the power limitations of
the central BESS, the system stability can be compromised if
an overrated operation is reached.
The simulations evaluate the 2 modes of operation under
multiple active power steps in the NGs and LVDC bus. The
results, comparing the two studied cases are shown in Fig.
10. It shows the DC voltage, the AC voltage in both NGs,
grid frequency in each NG, the power delivered by the mains,
central BESS and frequency compensator, and the load in each
NG and DC bus. The figure is described as follows:
• From t = 0s to t = 1.2 the MG operates in grid
connected mode. During this mode the Vdc response
presents a high stiffness in both cases. For the case 1,
the grid frequency is only affected by power changes in
the corresponding NG, thus, the NGs does not react to the
DC load. Conversely, in the second case, the frequency in
both NGs is sensitive to changes in any NG and the DC
bus, being slightly disturbed by the DC load connection
and disconnection.
• From t = 1.2s to t = 3s the mains are disconnected
and the MG changes to islanding mode. In case 1, the
operation in the NGs is similar than in grid connected,
however, the Vdc profile is notably worsen, presenting
the case 2 a better LVDC profile thanks to the proposed
cooperative control. For case 2, the coupling between
NGs and DC bus becomes evident, in both voltage and
frequency signals. Thus, the frequency compensator not
only helps with the frequency regulation in NG2, but also
collaborate with the LVDC regulation and the frequency
regulation in NG1 indirectly, reacting to the NG1 load
and the DC load. It is clearly seen how the battery stress
is reduced compared with case 1. In both cases a better
frequency response is observed in the NG2, due to the
presence of the frequency compensator. Despite the Vdc
steady state deviation due to P/V DC droop, it is worth
noting how in the case 2 the frequency steady state error
in both NGs is zero thanks to the frequency regulation
block.
• At t= 3 the total load in the MG exceeds the central
BESS maximum power. In case 1, as the NGHCs are de-
coupled from the Vdc regulation, the whole system leads
to instability and collapses although there is available
power in the frequency compensator of NG2. On the
other, the proposed control allows to maintain the system
operation automatically, in trade of an steady state error
in the Vdc and the NGs’ frequencies, being the active
power mismatch sustained by the frequency compensator
of NG2.
B. P/V DC droop performance
In order to evaluate the functioning of the P/V DC droop and
its effects on the system performance, an additional simulation,
shown in Fig. 11, has been carried out for illustrating in detail
its operation under a DC load step and a sudden change
in the mains and BESS droop gains during grid connected
Lo
ad
 [k
W
]
0
10
20
P v
i 2
[k
W
]
0
2
4
6
8
P B
ES
S
[k
W
]
0
10
20
P m
ai
ns
[k
W
]
-5
0
5
f2 e
[H
z]
49.5
50
50.5
f1 e
[H
z]
49.5
50
50.5
|V
2 g| 
[p
.u
.]
0.95
1
1.05
|V
1 g| 
[p
.u
.]
0.95
1
1.05
V
dc
[V
]
650
700
750
800
Case 1: Base Case
Case 2: Proposed Cooperative Control
time [s]
0 1 2 3 4
PLNG
1
PLNG
2
PLDC
PLNG
1
+P LNG
2
+P LDC
Fig. 10: Simulation results: comparison between the base case
and the proposed cooperative hybrid MG control. a) LVDC
bus voltage; b) and c) NGs voltage magnitude; d) and e) NGs
frequency; f),g) and h) power shared by the mains, BESS and
frequency compensator; i) NGs AC loads and DC load.
mode. At t=1s a DC load is connected. As a consequence
the LVDC voltage drops due to the P/V droop and the mains
and BESS virtual generator voltages are modified to provide
a determined power sharing. The NGs frequencies are also
affected, returning to its nominal value after the transient. At
t=4s, the droop gains are changed, modifying the power shared
by the mains and BESS as well as the virtual voltages.
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Fig. 11: Simulation results: P/V DC Droop operation. a) LVDC
bus voltage and virtual mains and BESS voltages; b) NGs
frequencies; c) power shared by the mains, BESS and DC
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VII. CONCLUSIONS
In this paper, a cooperative voltage and active power control
is proposed for a hybrid AC/DC Microgrid with ESS, based
on hybrid DC/AC virtual generators that allows the indirect
collaboration between the regulation in the AC NGs and the
LVDC bus, maintaining the grid quality in both the LVDC and
the AC NGs. A control scheme based on DC virtual generators
is proposed for the DC voltage regulation and power sharing
between the mains and the central BESS that allows to adapt
the participation of the mains and BESS in the transient and
stationary power sharing for DC bus regulation and enable
an automatic transition between grid connected and island-
ing modes. Meanwhile, the DC/AC virtual generators allow
an automatic power sharing that couples the LVDC voltage
and the NGs voltage and frequency, maintaining the power
balance in the hybrid MG, not only reducing the stress in the
central BESS and the dependence in the utility grid but also
demonstrating the extended operation and improved transient
response in the LVDC when the central BESS presents low
inertia and power limitations. The theoretical discussion has
been supported with simulations in MATLAB/Simulink.
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